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A key phenotypic characteristic of the Gram-positive bacterial pathogen, Staphylococcus aureus, is its ability to
grow in low aw environments. A homology transfer based approach, using the well characterised osmotic stress
response systems of Bacillus subtilis and Escherichia coli, was used to identify putative osmotolerance loci in
Staphylococcus aureus ST772-MRSA-V. A total of 17 distinct putative hyper and hypo-osmotic stress response
systems, comprising 78 genes, were identified. The ST772-MRSA-V genome exhibits significant degeneracy in
terms of the osmotic stress response; with three copies of opuD, two copies each of nhaK and mrp/mnh, and five
copies of opp. Furthermore, regulation of osmotolerance in ST772-MRSA-V appears to be mediated at the
transcriptional, translational, and post-translational levels.

1. Introduction

chromosome mec) and is believed to have been acquired exogenously,
possibly from Staphylococcus fleurettii, Staphylococcus vitulinus or Staph
ylococcus sciuri (Fishovitz et al., 2014). Methicillin-resistant S. aureus
(MRSA), although originally associated with nosocomial transmission
and infection, has since expanded its transmissibility to community
settings; leading to two distinct demarcations: hospital-associated MRSA
(HA-MRSA) and community-associated MRSA (CA-MRSA) (Kateete
et al., 2019). Epidemiologically, HA-MRSA is associated with healthcare
settings and risk factors for infection include hospitalisation, residence
in nursing homes, and dialysis treatment (Huang et al., 2006). CAMRSA, on the other hand, is associated with relatively young and
otherwise healthy individuals (Choo, 2017). At a molecular level, HAMRSA tend to possess SCCmec types I, II and III and are observed to
be resistant to up to 30% more antibiotics than their CA-MRSA coun
terparts (including non-β-lactams such as fluoroquinolones, macrolides,
and aminoglycosides (Kateete et al., 2019; Vysakh and Jeya, 2013)). In
contrast, CA-MRSA usually possess SCCmec types IV and V, and remain
susceptible to many non-β-lactam antibiotics (Kateete et al., 2019). An
additional difference between HA-MRSA and CA-MRSA is the higher
prevalence of a bacteriophage-borne pore-forming cytotoxin, known as
Panton-Valentine leukocidin (PVL), in CA-MRSA compared to HA-MRSA
(Choo, 2017; Darboe et al., 2019; Monecke et al., 2013).
S. aureus strain ST772-MRSA-V is a multi-antibiotic resistant, PVLencoding, CA-MRSA strain which was first isolated in India in 2004/
2005 - giving rise to its colloquial annotation as the ‘Bengal Bay Clone’

Staphylococcus aureus is a Gram-positive bacterium that colonises
~30% of the global population, predominantly residing in the anterior
nares (Gnanamani et al., 2017; Sakr et al., 2018; Tong et al., 2015).
S. aureus can act as either a commensal or pathogenic skin coloniser and
although upregulation of certain genes (e.g. sdrC, sstD, fnbA, and hla) has
been implicated, the mechanisms that facilitate the transition from
benign colonist to disease causing pathogen remain largely unknown
(Yang et al., 2018). In general, the infectious lifecycle of S. aureus tends
to begin when the epidermidis, or underlying mucosal surface, is
broken, allowing entry into the bloodstream (Liu, 2009). S. aureus is
responsible for a wide range of clinical conditions such as skin and soft
tissue infections (SSTI) (e.g. carbuncles, furuncles, scalded skin syn
drome, and cellulitis), pneumonia, bacteraemia, prosthetic device in
fections, meningitis, osteomyelitis, infective endocarditis, and toxic
shock syndrome (Ondusko and Nolt, 2018).
While a majority of S. aureus strains are susceptible to front line
antibiotics, horizontal gene transfer and chromosomal mutations have
enabled the pathogen to acquire significant antibiotic resistance
(Chambers and DeLeo, 2009). Methicillin resistance in S. aureus is
governed by the acquisition and expression of the mecA gene which
codes for a modified penicillin binding protein (PBP) known as PBP2a
(Hoffman, 2001; Monecke et al., 2011). The mecA gene is located on a
mobile genomic island known as SCCmec (staphylococcal cassette
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(Ellington et al., 2010; Goering et al., 2008; Monecke et al., 2013). Since
then, ST772-MRSA-V has been isolated from patients across the world,
with transmission being reported in England, Ireland, Norway, Ger
many, Australia, New Zealand, Hong Kong, and Malaysia (Monecke
et al., 2013). Whole genome sequencing and epidemiological analysis of
ST772-MRSA-V by Steinig et al. (2017) revealed that this strain has
acquired the multi-antibiotic resistance of HA-MRSA isolates, while
retaining the transmissibility and virulence characteristics of CA-MRSA.
In Norway, a country with a relatively low prevalence of MRSA, a stark
increase in ST772-MRSA-V positive cases was observed from 2012 to
2014, rising from 0.1 to 5.3 cases/100,000 inhabitants/year in the
capital city of Oslo (Blomfeldt et al., 2017). Similarly, in Ireland, a
cluster of ST772-MRSA-V cases was identified in a Neonatal Intensive
Care Unit (NICU), between 2010 and 2011 (Brennan et al., 2012).
Although the ST772-MRSA-V strain has not managed to replace the
predominant nosocomial strain in Ireland (ST22-MRSA-IV), the emer
gence of a novel MRSA clone in both communities and hospitals,
expressing virulence factors such as PVL positivity, macrolide and
aminoglycoside resistance, and enterotoxin production, is nonetheless a
concerning development (Brennan et al., 2012).
In order to colonize human skin, S. aureus strains, such as ST772MRSA-V, must overcome several host (and non-host) derived stress
barriers (Liu, 2009). Host derived factors such as the filaggrin break
down products, urocanic acid and pyrrolidone carboxylic acid, maintain
an acidic pH and are also thought to directly inhibit the expression of
bacterial colonisation factors, including fibronectin-binding protein A
(FnBPA) (Ryu et al., 2014). Non-host derived factors, such as Esp (a
serine protease produced by the more prevalent skin commensal,
Staphylococcus epidermidis), are believed to degrade staphylococcal
surface proteins and host receptors required for host-pathogen in
teractions (Sakr et al., 2018). Ultimately, and perhaps most importantly,
S. aureus must overcome the high salt concentrations (up to 180–190
mmol/L) and desiccation conditions of the skin (Onyango and Alreshidi,
2018; Olde Engberink et al., 2020). Indeed, the ability to deal with low
aw environments is one of the defining physiological characteristics of
S. aureus, and has contributed significantly to its dissemination from
hospitals to more widespread community settings, with survival on
sterile goods-packaging being reported after >266 days (Dietze et al.,
2001).
However, while osmotolerance is well documented in S. aureus, at
least at the phenotypic level (Onyango and Alreshidi, 2018; Stewart
et al., 2005; Kunin and Rudy, 1991; Pourkomailian and Booth, 1994),
significantly less information is available concerning the genetic ele
ments which orchestrate the pathogen’s osmotic stress response. Indeed,
until now, the literature is devoid of a single definitive molecular review
of the S. aureus osmotolerance response. This, together with the global
spread of ST772-MRSA-V in recent years (Monecke et al., 2013), and the
realisation that osmotolerance is an important bacterial virulence factor
(Sleator and Hill, 2002), led us to attempt herein to redress the balance;
providing a complete in silico analysis of osmotolerance in S. aureus
ST772-MRSA-V.

both Gram-positive and Gram-negative query organisms, both of which
have been extensively characterised in terms of their osmotolerance
response, facilitated the broadest possible search parameters. All or
ganisms, both query and subject, were fully sequenced, well annotated,
and freely accessible on the NCBI database.
BLAST and FASTA algorithms were used, with default settings
(except where specified), to perform homology searches (hosted at NCBI
and SRS@EBI). The European Nucleotide Archive (ENA) database
(hosted at EMBL-EBI) was also used for information relating to gene
location. All percentage identities presented are at the protein level. The
cut-off values for assigning homology were as follows: proteins should
exhibit ≥25% identity over 100 amino acids or more, and (with some
exceptions) have a maximum E-value of 1e-05 (i.e. sequences with
<25% identity and E-values > 1e-05 were not considered). 500 bp up
stream of the start codon of each locus was scanned for putative pro
moter binding sites.
The %GC content of putative osmotolerance loci was calculated
using the GC Content Calculator tool available from Biologics Interna
tional Corp., as described by Dvorak et al. (2019) (hosted at
https://www.biologicscorp.com/tools/GCContent/index#.Xl
-ccaj7Q2w). Codon usage was determined using the Codon Usage tool
within the Sequence Manipulation Suite (Stothard, 2000) available from
Bioinformatics.org and hosted at https://www.bioinformatics.org/sm
s2/codon_usage.html.
3. Results and discussion
3.1. The primary response
For most bacteria, the primary response to hyperosmotic shock in
volves the rapid uptake of K+ ions, along with glutamate as a counterion
(Kang et al., 2018). In S. aureus however, the concentration of
compatible solutes increases initially (i.e. the secondary response) and
largely precludes the accumulation of K+ and glutamate for osmopro
tection (Stewart et al., 2005). This, together with the high basal con
centration of K+, means that the intracellular K+ pool in this organism
does not increase appreciably in response to hyperosmotic stress (Scy
bert et al., 2003). Nevertheless, the potential significance of the primary
response in S. aureus cannot be ignored, and homology transfer based
analysis identified three putative K+ transport systems in ST772-MRSAV. In B. subtilis, potassium import is mediated by one low affinity
transporter, KtrCD (Km of 10 mM), and two high affinity transporters,
KtrAB and KimA (Gundlach et al., 2017a; Holtmann et al., 2003). A
putative Ktr transport system was identified in ST772-MRSA-V and was
shown to consist of three components, RU53_1085, RU53_2084 and
RU53_1020 (Table 1), located at distinct positions on the chromosome.
RU53_1085 was found to be homologous to both ktrA and ktrC,
RU53_2084 showed greatest sequence identity to ktrB (43.13%), while
RU53_1020 showed greatest sequence identity to ktrD (50.00%).
Although RU53_1085 displayed greater sequence identity to KtrC
(64.52%) than KtrA (53.77%), both were similarly high and so the exact
nature of the transporter could not be identified by computational
analysis alone, however, a literature search revealed that an S. aureus Ktr
system with a similar description has been identified. As described by
Gründling (2013), S. aureus possess one constitutively expressed Ktr
transporter consisting of three components: two dimeric membrane
components, KtrB and KtrD, and an octameric cytoplasmic gating
component, KtrC (also referred to as KtrASA (Corrigan et al., 2013)).
Thus, although ST772-MRSA-V possesses a Ktr-type potassium trans
porter homologous to both of those found in B. subtilis, the make-up of
the transporters is not conserved and the two two-component (KtrAB
and KtrCD) transporters in B. subtilis are replaced by a single threecomponent transporter in ST772-MRSA-V (KtrCBD). Furthermore, a
homolog of KimA in B. subtilis was also identified with a significant
sequence identity of 56.56%, implying that in addition to KtrCBD,
ST772-MRSA-V also contains a KimA transporter for potassium uptake.

2. Materials & methods
A comparative genomic analysis, using an in silico homology transfer
based approach, was used to identify putative staphylococcal osmotol
erance loci. The Staphylococcus subject strain chosen for analysis was
S. aureus ST772-MRSA-V (GenBank: CP010526.1), which is multi-drug
resistant and has a global geographical prevalence (Brennan et al.,
2012). The primary query organism chosen was Bacillus subtilis 168
(NCBI Reference Sequence: NC_000964.3), owing to its phylogenetic
relatedness to S. aureus (Gu et al., 2010), as well as the fact that its
osmotolerance response has been well characterised (Hoffmann and
Bremer, 2016). The more phylogenetically distant Gram-negative bac
terium, Escherichia coli K-12 MG1655 (NCBI Reference Sequence:
NC_000913.3), was also chosen as a query organism. The selection of
2
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Table 1
Overview of the primary hyperosmotic stress response loci identified as playing a role in ST772-MRSA-V osmotolerance by homology transfer, using query genes from
B. subtilis 168 (searches performed May 3rd, 2020).
Query gene

Subject gene†

Identity

E-value

NCBI Annotation

Nucleotide position

ktrB

RU53_2084 (trkG)

43.13%

1e-91

2130830-2132137

ktrC
ktrD

RU53_1085 (trkA)
RU53_1020 (trkH)

64.52%
50.00%

1e-102
4e-119

kimA

RU53_2504

56.56%

0.0

Trk family potassium (K+) transporter,
ABC protein
NAD+ binding potassium transporter
Trk family potassium (K+) transporter,
membrane protein
APC family amino acid-polyamineorganocation transporter

1117646-1118308
1051272-1052630
2551255-2553084

Previously characterised in
S. aureus
Experimentally defined by
Corrigan et al., 2013; Gries et al.,
2013; Price-Whelan et al., 2013)
Experimentally defined by
Gibhardt et al. (2019)

†Where applicable, the gene names in brackets, beneath the RU53_ designation, are those assigned in the NCBI database.

Interestingly, the gene encoding this KimA homolog, RU53_2504, is
located adjacent to one of the identified nhaK homologs that most likely
functions in sodium extrusion (RU53_2503), thus suggesting that these
two genes may be co-ordinately regulated in ST772-MRSA-V.
In E. coli, three low affinity K+ import systems have been charac
terised: TrkG (Km of 0.5 mM), TrkH (Km of 2.5 mM) and Kup (Km of 0.4
mM) (Pedersen et al., 2019). No homologies to any of these transporters
were identified in ST772-MRSA-V, however, RU53_2137-2142 dis
played homology to the high affinity osmotically induced Kdp system
(Km of 2 μM) (Table 2). This P-type ATPase system is comprised of the
four component KdpFABC transporter and the two component KdpDE
regulatory system (Pedersen et al., 2019). Interestingly, significant
percentage identities were found for each component in ST772-MRSA-V,
except for the kdpF gene which encodes the F-subunit of this transporter
in E. coli. This apparent lack of kdpF was also previously observed by our
group in Cronobacter sakazakii BAA-894 (Feeney and Sleator, 2011). In
E. coli, the kdpF component of the kdpFABC operon encompasses a 90 bp
gene which, although proposed to encode a protein that provides sta
bility to the Kdp complex (Gründling, 2013), may not be necessary for
Kdp transporter functionality, thus explaining its absence from the
ST772-MRSA-V equivalent. Furthermore, Rosas Olvera et al. (2017)
showed that overproduction of the KdpF peptide in Mycobacterium bovis
increases the susceptibility of this organism to the nitrosative stress
imposed by macrophages, suggesting that KdpF possesses anti-virulent
properties. Thus, the absence of kdpF from ST772-MRSA-V may
enhance the virulence potential of the pathogen by improving its ability
to withstand nitrosative stress. Another notable difference in the
makeup of the kdp operon in ST772-MRSA-V, in contrast to E. coli, is that
the kdpB homolog in ST772-MRSA-V is segmented into two adjacent,
albeit distinct, gene sequences – kdpB1 (RU53_2138) and kdpB2
(RU53_2139). The ST772-MRSA-V kdpDE regulatory genes are located
adjacent to kdpAB2B1C, similar to E. coli, however, there is no nucleotide
overlap between kdpD (RU53_2141) and kdpE (RU53_2142), in contrast

to the three nucleotide overlap observed in E. coli. The genetic orien
tation of the operon also differs to that of E. coli - while all of the E. coli
genes are located on the negative strand in the order (5′ to 3′ )
kdpFABCDE, in ST772-MRSA-V the membrane components are encoded
on the negative strand, in the order (5′ to 3′ ) kdpAB2B1C, and the reg
ulatory components are found immediately upstream of this but enco
ded on the positive strand in the order (5′ to 3′ ) kdpDE. Perhaps more
significant however, is the apparent lack of a Kdp system equivalent in
the genome of S. epidermidis ATCC 12228 which may indicate an
increased dependence of ST772-MRSA-V on the primary response, in
comparison to S. epidermidis. Alternatively, the putative Kdp transporter
in ST772-MRSA-V may represent a novel virulence associated factor by
allowing this strain to better overcome hyperosmotic stress in conditions
of low K+ when Kdp becomes most active (Feeney and Sleator, 2011).
3.2. The secondary response
In contrast to K+, organic compatible solutes (osmolytes) are noncytotoxic, even at molar concentrations, providing a more sustainable
way for microorganisms to deal with the detrimental effects of hyper
osmotic shock (León et al., 2018). The secondary response mechanisms
of B. subtilis are well characterised and the accumulation of these
osmolytes via both synthesis and uptake affords this organism a variety
of methods to deal with hyperosmotic stress. Fourteen such osmolytes
have been identified in B. subtilis, however, it is those which are most
chemically similar to proline and glycine betaine that are preferentially
utilised (Hoffmann and Bremer, 2016). B. subtilis possesses five main
Opu-type (osmoprotectants uptake) transporters (OpuA, OpuB, OpuC,
OpuD and OpuE) dedicated to the import of compatible solutes and/or
their various precursors (Hoffmann and Bremer, 2017). Homologs to
four of these Opu-type transporters were identified in ST772-MRSA-V
(as summarised in Table 3).
The ABC-type OpuC system consists of a four-component transporter

Table 2
Overview of the primary hyperosmotic stress response loci identified as playing a role in ST772-MRSA-V osmotolerance by homology transfer, using query genes from
E. coli K-12 MG1655 (searches performed May 3rd, 2020).
Query
gene

Subject gene†

Identity

E-value

NCBI Annotation

Nucleotide
position

Previously characterised
in S. aureus

kdpA

RU53_2140
(kdpA)
RU53_2138
(kdpB1)
RU53_2139
(kdpB2)
RU53_2137
(kdpC)
RU53_2141
(kdpD)
RU53_2142
(kdpE)

42.64%

9e-117

57.22%

2e-126

50.38%

3e-52

36.55%

5e-35
8e-83

39.29%

2e-36

Winged helix family two-component transcriptional regulator

21891582190834
21871292188256
21882072189139
21865492187109
21911062193763
21937632194458

Experimentally defined
by (Price-Whelan et al.,
2013; Xue et al., 2011)

25.91%

P-ATPase superfamily P-type ATPase potassium (K+)
transporter subunit A
P-ATPase superfamily P-type ATPase potassium (K+)
transporter subunit B
P-ATPase superfamily P-type ATPase potassium (K+)
transporter subunit B
P-ATPase superfamily P-type ATPase potassium (K+)
transporter subunit C
Osmosensitive K+ channel histidine kinase

kdpB
kdpB
kdpC
kdpD
kdpE

†Where applicable, the gene names in brackets, beneath the RU53_ designation, are those assigned in the NCBI database.
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Table 3
Overview of the secondary hyperosmotic response loci identified as playing a role in ST772-MRSA-V osmotolerance by homology transfer, using query genes from
B. subtilis 168 (searches performed May 5th, 2020).
Query
gene

Subject gene†

Identity

E-value

NCBI Annotation

Nucleotide
position

opuBA

RU53_784

52.59%

9e-89

814654815631

opuBB

RU53_785

48.99%

4e-41

opuBC

RU53_785

31.89%

4e-39

opuBD

RU53_785

39.67%

1e-29

opuCA

RU53_2512
(opuCA)
RU53_2511
(opuCB)

59.20%

5e-157

52.40%

5e-55

opuCC

RU53_2510
(opuCC)

54.90%

1e-117

opuCD

RU53_2509
(opuCD)

58.99%

6e-68

opuD

56.05%

0.0

52.27%

3e-169

31.25%

3e-78

53.93%

6e-163

42.24%

7e-87

Choline/carnitine/ betaine transporter, BCCT
family
SSS family solute:sodium (Na+)/proline
symporter
Proline dehydrogenase

61.17%

0.0

1-pyrroline-5-carboxylate dehydrogenase

54.24%

2e-119

30.15%

6e-40

Global transcriptional regulator, catabolite
control protein A
Sugar-binding transcriptional regulator, LacI

33.60%

3e-69

49.51%

5e-91

44.90%

3e-88

67.61%

8e-177

67.56%

8e-151

oppA

RU53_1353
(opuD)
RU53_2253
(betT)
RU53_2677
(cudT)
RU53_2034
(putP)
RU53_1865
(putA)
RU53_2618
(rocA)
RU53_1833
(ccpA)
RU53_249
(rbsR)
RU53_985
(oppA)
RU53_981
(oppB)
RU53_982
(oppC)
RU53_983
(oppD)
RU53_984
(oppF)
RU53_986

Glycine/betaine/ carnitine/choline ABC
superfamily ATP binding cassette transporter,
ABC protein
ABC-type proline/glycine betaine transport
systems, permease component
ABC-type proline/glycine betaine transport
systems, permease component
ABC-type proline/glycine betaine transport
systems, permease component
Glycine betaine/choline ABC superfamily ATP
binding cassette transporter, ABC protein
Glycine betaine/choline ABC superfamily ATP
binding cassette transporter, membrane
protein
Glycine betaine/L-proline ABC superfamily
ATP binding cassette transporter, binding
protein
Glycine betaine/L-proline ABC superfamily
ATP binding cassette transporter, membrane
protein
BCCT family betaine/carnitine/ choline
transporter
Choline transport protein BetT

22.95%

3e-13

oppB

RU53_989

34.06%

8e-40

oppC

RU53_990

35.49%

1e-45

oppD

RU53_987

48.39%

1e-95

oppF

RU53_988

56.09%

5e-98

oppA

RU53_2530
(opp-1A)
RU53_2529
(opp-1B)
RU53_2528
(opp-1C)
RU53_2527
(opp-1D)
RU53_2526
(opp-1F)
RU53_1387
(opp-2B)
RU53_1386
(opp-2C)
RU53_1385
(nikD)

26.58%

1e-12

26.21%

3e-24

31.97%

1e-36

42.75%

5e-68

35.96%

5e-44

27.56%

2e-31

31.78%

3e-39

30.77%

5e-37

opuCB

opuD
opuD
putP
putB
putC
ccpA
ccpA
oppA
oppB
oppC
oppD
oppF

oppB
oppC
oppD
oppF
oppB
oppC
oppD

Oligopeptide ABC superfamily ATP binding
cassette transporter, binding protein
Oligopeptide ABC superfamily ATP binding
cassette transporter, membrane protein
Oligopeptide ABC superfamily ATP binding
cassette transporter, membrane protein
Oligopeptide ABC superfamily ATP binding
cassette transporter, ABC protein
Oligopeptide ABC superfamily ATP binding
cassette transporter, ABC protein
Oligopeptide ABC transporter substratebinding protein
Oligopeptide ABC transporter membrane
protein
Oligopeptide ABC superfamily ATP binding
cassette transporter, membrane protein
Oligopeptide ABC superfamily ATP binding
cassette transporter, ABC protein
Oligopeptide ABC superfamily ATP binding
cassette transporter, ABC protein
Oligopeptide ABC superfamily ATP binding
cassette transporter, binding protein
Oligopeptide ABC superfamily ATP binding
cassette transporter, membrane protein
Oligopeptide ABC superfamily ATP binding
cassette transporter, membrane protein
Oligopeptide ABC superfamily ATP binding
cassette transporter, ABC protein
ABC superfamily ATP binding cassette
transporter, ABC protein
Oligopeptide ABC superfamily ATP binding
cassette transporter, membrane protein
Oligopeptide ABC superfamily ATP binding
cassette transporter, membrane protein
ABC-type dipeptide/oligopeptide/nickel
transporter, ATPase component 2

815624817138
815624817138
815624817138
25612172562443
25605852561220
25596272560568

Previously characterised in S. aureus

Referred to by Schuster et al. (2016) but, to the best of
our knowledge, not experimentally defined

Experimentally defined by Kiran et al. (2009)

25589322559627
14010421402688
23091232310685
27418652743487
20756012077139
19376091938610
26787002680244
18948581895847
296881297879
10138881015543
10098441010770
10107701011840
10118561012938
10129281013869
10157551017470
10194831020445
10204571021338
10175211018507
10185101019490
25809082582506
25799602580895
25790942579963
25782822579097
25775402578289
14403991441385
14395761440406
14388161439592

Experimentally defined by Wetzel et al. (2011)

Experimentally defined by Schwan et al. (1998) and
Schwan et al. (2006). Role of CcpA determined by
Nuxoll et al. (2012)

Likely Opp3- characterised as a peptide import system
by Hiron et al. (2007)

Likely Opp4- identified by Hiron et al. (2007) but
function remains unknown

Likely Opp1 - characterised as a nickel and cobalt
import system by Remy et al. (2013)

Likely Opp2 - characterised as a nickel import system by
Hiron et al. (2010)

(continued on next page)
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Table 3 (continued )
Query
gene

Subject gene†

Identity

E-value

NCBI Annotation

Nucleotide
position

oppF

30.52%

1e-34

oppB

RU53_1384
(nikE)
RU53_183

32.09%

5e-33

ABC-type dipeptide/oligopeptide/nickel
transporter, ATPase component 2
Putative transport system permease

oppC

RU53_184

34.60%

1e-41

oppD

RU53_182

51.32%

2e-91

dtpT

RU53_789

47.76%

7e-136

gltT

RU53_2444
(gltT)
RU53_2674
(gbsA)
RU53_2675

53.96%

3e-130

67.08%

0.0

POT family proton (H+)-dependent
oligopeptide transporter
DAACS family dicarboxylate/amino acid:
sodium (Na+) or proton (H+) symporter
Glycine betaine aldehyde dehydrogenase gbsA

55.36%

1e-59

Transcriptional regulator-like protein

14381221438823
213353214786
214792215955
211759213351
821084822589
24903442491621
27384212739911
27401642740727

gbsA
gbsR

Oligopeptide ABC superfamily ATP binding
cassette transporter, membrane protein
ABC transporter ATP-binding protein

Previously characterised in S. aureus

Not previously characterised

Characterised as a dipeptide import system by Hiron
et al. (2007)
Identified by Zeden et al. (2019), but precise
contribution to glutamate transport remains unclear
Similar to the choline converting pathway of S. xylosus,
described by Rosenstein et al. (1999)

†Where applicable, the gene names in brackets, beneath the RU53_ designation, are those assigned in the NCBI database.

(OpuCA-CB-CC-CD) that couples its osmolyte import with ATP hydro
lysis (Smits et al., 2008). The substrate specificity of B. subtilis OpuC is
notably broad, owing to the flexibility of the ligand binding domain
(OpuCC) - a factor which permits the import of all known compatible
solutes utilised by this organism, excluding proline (Bashir et al., 2014;
Broy et al., 2015; Du et al., 2011). One homolog of the opuC operon was
identified in ST772-MRSA-V (RU53_2512-2509), showing significant
sequence identity with respect to each of the genes (opuCA-opuCD) and
thus indicating that S. aureus may, in a similar fashion to B. subtilis,
utilise a wide range of osmolytes for osmoprotective purposes. Inter
estingly, this putative ST772-MRSA-V opuC homolog also displays sig
nificant % identities to both the B. subtilis opuA and opuB operons.
However, given that the RU53_2512-2509 genes are near identical in
length to the S. aureus opuC genes described by Kiran et al. (2009), we
conclude that the operon is most likely opuC. Indeed, Schuster et al.
(2016) have previously emphasised the importance of OpuC in S. aureus
by demonstrating that a ΔopuCA mutant strain is completely deficient in
carnitine uptake, therefore suggesting that OpuC is the principal, if not
sole, carnitine uptake system in this pathogen. Moreover, by using a
combination of quantitative RT-PCR and gel shift assays, Yan et al.
(2012) have demonstrated that the S. aureus opuC operon is directly
regulated at the transcriptional level by the two-component global
regulator, YhcSR. Interestingly, two distinct copies of opuC (SE020152018 and SE0222-225) were identified in the S. epidermidis ATCC 12228
genome, suggesting an increased dependence of this species on carni
tine, if not the secondary response as a whole, in comparison to S. aureus.
A putative opuB (opuBA-BB-BC-BD) homolog, RU53_784-785, was
also identified in ST772-MRSA-V, however, the genetic organisation of
the operon in ST772-MRSA-V deviated considerably from B. subtilis,
being composed of two genes as opposed to four. Homology searches of
the opuBA component revealed a likely ST772-MRSA-V homolog,
RU53_784, with a sequence identity of 52.59% at the protein level.
Subsequent analysis of the remaining genes, opuBB, opuBC, and opuBD,
revealed that all three of these components were homologous to one
gene on the ST772-MRSA-V genome, RU53_785, with percentage iden
tities at the protein level of 48.99%, 31.89% and 39.67%, respectively.
Although there remains a dearth of information on S. aureus OpuB-type
transporters, this leads us to believe that, as previously suggested by
Schuster et al. (2016), S. aureus likely encodes a membrane and peri
plasmic substrate-binding fusion protein, encompassing the latter com
ponents (OpuBB-BC-BD) of this system, thus allowing for a fully
functional OpuB-type transporter, despite the presence of only two
genes.
The OpuD transporter is a single component BCCT-type (betaine,
choline, carnitine transporter) permease, which functions in glycine
betaine/Na+ uptake in B. subtilis (Ziegler et al., 2010). OpuD

transporters are osmotically inducible, with osmotic up-shock resulting
in both increased transcription of the opuD gene and activation of preexisting OpuD transporters (Sleator and Hill, 2002). Three homologs
of B. subtilis opuD were identified in ST772-MRSA-V; RU53_1353,
RU53_2253 and RU53_2677, with identities at the protein level of
56.05%, 52.27% and 31.25%, respectively (RU53_2253 being annotated
in the NCBI database as betT and RU53_2677 annotated as cudT). This
likely indicates that ST772-MRSA-V contains three distinct OpuD-like
transporters. The B. subtilis OpuD transporter is homologous to the
BetT transporter of E. coli (Kappes et al., 1996) and as such, betT of E. coli
also showed significant % identities to RU53_1353 (34.56%),
RU53_2253 (37.08%) and RU53_2677 (30.23%) in ST772-MRSA-V.
However, whereas OpuD of B. subtilis functions in the intracellular
transport of the compatible solute glycine betaine (Hoffmann and
Bremer, 2016), BetT of E. coli functions in choline import (Ziegler et al.,
2010), indicating that these ST772-MRSA-V homologs may serve as an
import system for both glycine betaine and choline. This is in agreement
with Wetzel et al. (2011) who observed that the compatible solutes
glycine betaine, proline and choline (to a lesser extent), all result in
transcriptional upregulation of opuD in various other S. aureus strains.
RU53_1353 and RU53_2253 appear to be standalone opuD/betT homo
logs, consisting of a single gene producing a single component trans
porter. In contrast, RU53_2677 appears to be part of a broader gene
system, in conjunction with RU53_2675, RU53_2674 and RU53_2673,
which most likely functions in the synthesis of glycine betaine from the
precursor choline (Graham and Wilkinson, 1992). In E. coli, the betIBA
operon is responsible for choline-mediated glycine betaine production,
whereas in B. subtilis, the gbsAB and gbsR gene products perform this
function. Both BetA (choline dehydrogenase) of E. coli and GbsB (a type
III alcohol dehydrogenase) of B. subtilis catalyse the initial step of these
pathways, leading to the oxidation of the precursor choline. The product
of this reaction, glycine betaine aldehyde, is then converted to glycine
betaine by the enzymes BetB and GbsA, both which represent glycine
betaine aldehyde dehydrogenase in E. coli and B. subtilis, respectively
(Hoffmann and Bremer, 2016; Sleator and Hill, 2002). The final com
ponents of these gene systems, betI and gbsR, encode repressors in their
respective organisms, which ensure close regulation of glycine betaine
production (Nau-Wagner et al., 2012; Sleator and Hill, 2002). In ST772MRSA-V, RU53_2673, encoding a putative choline dehydrogenase to
catalyse the initial oxidation reaction, exhibits significant sequence
identity (49.45%) to BetA in E. coli (Table 4). However, both
RU53_2674, encoding a putative glycine betaine aldehyde dehydroge
nase for second reaction catalysis, and RU53_2675, encoding a putative
transcriptional repressor, showed significant sequence identity to GbsA
(67.08%) and GbsR (55.36%) in B. subtilis, respectively (the product of
RU53_2674 also displayed significant identity to that of E. coli betB, but
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Table 4
Overview of the secondary hyperosmotic response loci identified as playing a role in ST772-MRSA-V osmotolerance by homology transfer, using query genes from
E. coli K-12 MG1655 (searches performed May 3rd, 2020).
Query
gene

Subject gene†

Identity

E-value

NCBI Annotation

Nucleotide
position

Previously characterised in S. aureus

betA

RU53_2673
(betA)
RU53_561
(proP)
RU53_2404
(gltS)

49.45%

0.0

Putative choline dehydrogenase

37.86%

1e-100

38.83%

4e-49

MFS family major facilitator transporter,
proline/betaine:cation symporter
ESS family glutamate:sodium (Na+)
symporter

27364512738160
622220623620
24461732447381

Similar to the choline converting pathway of S. xylosus,
described by Rosenstein et al. (1999)
Identified by Bae and Miller (1992). Kinetic parameters
discussed by Schwan and Wetzel (2016)
Identified by Zeden et al. (2019) and characterised as a
main glutamate transporter

proP
gltS

†Where applicable, the gene names in brackets, beneath the RU53_ designation, are those assigned in the NCBI database.

at 41.34%, was notably lower than that of gbsA). Thus, it appears that
ST772-MRSA-V utilises genes homologous to alternate components of
both the B. subtilis gbsABR and E. coli betIBA gene systems to carry out
choline mediated glycine betaine production. Subsequent genomic
analysis of these genes in ST772-MRSA-V revealed further alternations
in genetic organisation that support this hypothesis. The putative
enzyme encoding genes, RU53_2673 and RU53_2674, are located on the
reverse strand and immediately upstream of the putative RU53_2675
repressor, which is located on the forward strand: an organisation
identical to B. subtilis gbsABR, but not seen in E. coli betIBA (Nau-Wagner
et al., 2012). Conversely, the transporter locus that may provide choline
as a substrate for this pathway, RU53_2677 (opuD/betT homolog), lies
almost immediately downstream of the transcriptional repressor
(RU53_2675), an organisation similar to the bet locus of E. coli, but not
apparent in the gbs locus of B. subtilis (Chen and Beattie, 2008).
Furthermore, the %GC content of both RU53_2674 (gbsA homolog) and
RU53_2673 (betA homolog), at 36% and 37% respectively, was signifi
cantly higher than that of the ST772-MRSA-V genome (at 32.80%),
suggesting that these components might have been acquired by lateral
gene transfer from an unrelated species. In support of this, codon usage
for both of these homologs was shown to vary extensively from the rest
of the ST772-MRSA-V genome with, for example, the codon ACC that
codes for the amino acid threonine, having a frequency of 67% in
RU53_2674 and 55% in RU53_2673, compared to only 19% for the rest
of the ST772-MRSA-V genome. Moreover, the unusual gene arrange
ments found in this ST772-MRSA-V choline-converting locus were also
observed in S. aureus Newman and S. epidermidis ATCC 12228, and may
be highly conserved across the genus as they are also strikingly similar to
those observed in Staphylococcus xylosus (Rosenstein et al., 1999), a nonpathogenic member of the Staphylococcus genus (Dordet-Frisoni et al.,
2007)
The final putative Opu-type transporter locus identified in ST772MRSA-V is RU53_2034, a homolog of both opuE (55.32%) and putP
(53.93%) of B. subtilis. OpuE and PutP are both proline uptake systems
that belong to the solute sodium symporter (SSS) family of transporters
and, in a similar manner to OpuD, utilise an electrochemical Na+
gradient to import their substrates in concert with Na+ ions (Hoffmann
and Bremer, 2016; Moses et al., 2012). OpuE mediated proline import is
osmotically stimulated in B. subtilis and this transporter exhibits both a
high affinity (Km of roughly 20 μM) and large capacity (Vmax of roughly
250 nmol min− 1 mg protein− 1) for its substrate, proline (Hoffmann
et al., 2012). Conversely, PutP functions in proline uptake to satisfy
nutritional requirement via subsequent PutB (proline dehydrogenase)
and PutC (Δ1-pyrroline-5-carboxylate dehydrogenase) mediated con
version to glutamate and, as such, is stimulated in response to exogenous
proline concentration as opposed to osmotic stress (Hoffmann and
Bremer, 2016; Zaprasis et al., 2013). Furthermore, putBCP expression is
regulated at the transcriptional level by two proteins, PutR (prolineresponsive activator protein) and CodY, which have an antagonistic
effect: PutR stimulates putBCP expression, whereas CodY displaces PutR,
indirectly downregulating expression (Belitsky, 2011; Moses et al.,
2012). In ST772-MRSA-V, the observation that RU53_2034 appears to be
homologous to both PutP and OpuE, at similar percentage identities,

complicates the situation in that the specific nature of the transporter is
difficult to determine by homology transfer based analysis, alone.
However, Schwan et al. (2006) have previously characterised a high
affinity proline transporter in S. aureus (also named PutP) that is tran
scriptionally upregulated in response to both low-proline concentrations
and osmotic up-shock; suggesting that in line with our findings, S. aureus
incorporates a transporter that shares functional similarities to both
OpuE and PutP to provide proline for both osmoprotective and nutri
tional purposes. In line with this, we also identified homologs of the
B. subtilis proline to glutamate conversion enzymes, namely: RU53_1865
(putB homolog – annotated in the NCBI database as putA) and
RU53_2618 (putC homolog - annotated in the NCBI database as rocA).
However, whereas in B. subtilis the putBCP genes form a contiguous
operon, all three components are located at unrelated positions on the
ST772-MRSA-V genome. A homolog of the putR activator was notably
absent from ST772-MRSA-V, however, it has been suggested that
S. aureus alternatively utilise Catabolite control protein A (CcpA) to
regulate proline degradation (Nuxoll et al., 2012) and indeed two ho
mologs of B. subtilis ccpA, RU53_1833 & RU53_249, were identified in
ST772-MRSA-V with percentage identities at the protein level of 54.24%
and 30.15%, respectively.
In E. coli, the ProP transporter is responsible for the import of proline,
glycine betaine, ectoine and other organic compatible solutes in
response to hyperosmotic stress (Feeney and Sleator, 2011; Sheidy and
Zielke, 2013; Romantsov et al., 2010). Indeed, a likely proP homolog,
RU53_561, was found in ST772-MRSA-V with a percentage identity at
the protein level of 37.86%. However, while the E. coli ProP appears to
function as an osmosensory transporter, in that osmotically induced
replacement of various ionizable and polar residues within the N-ter
minal helix leads to conformational changes in the transporter (Culham
et al., 2008), this does not appear to be the case in ST772-MRSA-V as the
cysteine residues responsible for this osmosensory function are not
conserved in RU53_561. Nevertheless, in addition to the opuC, putP/
opuE and three opuD homologs, the identification of this homolog results
in a total of six putative proline transporters, emphasising the impor
tance of proline to ST772-MRSA-V.
ST772-MRSA-V was also shown to possess five homologs of the Opp
ABC-type oligopeptide transporter system. In B. subtilis, the Opp system,
in conjunction with other transporters, such as DtpT, can be utilised to
provide proline as an osmoprotectant by the non-specific import of
proline-containing di- and oligopeptides, which are subsequently
hydrolysed to release proline as a compatible solute (Hoffmann and
Bremer, 2016). Specifically, three complete copies (oppABCDF) in
addition to two partial copies (oppBCDF and oppBCD) were identified
when the B. subtilis opp gene sequences were used to screen the ST772MRSA-V genome. The genetic organisation of each putative opp operon
showed variation with respect to both gene content and orientation.
RU53_981-985 is encoded on the forward strand of the ST772-MRSA-V
genome in the order (5′ -3′ ) oppBCDFA. Immediately downstream of this
operon, and possibly the result of a duplication event (Sleator, 2010), is
another opp homolog, RU53_986-990, also encoded on the forward
strand but with the genes arranged in the order (5′ -3′ ) oppADFBC.
Interestingly, this homolog was not present in the S. epidermidis ATCC
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12228 genome and so may function as a putative virulence associated
factor in S. aureus, potentially allowing increased oligopeptide accu
mulation and subsequent hydrolysis to release proline in response to
osmotic up-shock. The final complete-copy opp homolog, RU53_25262530, is positioned at a distant location on the ST772-MRSA-V
genome and again differs in gene arrangement, being encoded on the
reverse strand in the order (5′ -3′ ) oppABCDF. Each of the genes for this
final copy are annotated with the prefix ‘1’ preceding the relevant gene
letter (e.g. oppA annotated as opp-1A) in the NCBI database, and
coupling this with the gene order of the operon (i.e. oppABCDF),
RU53_2526-2530 is the likely ST772-MRSA-V equivalent to the opp-1
system of S. aureus NCTC 8325 described by Hiron et al. (2007). Indeed,
this transporter has since been shown to mediate the uptake of cobalt
and nickel in S. aureus (annotation changed from Opp to Cnt) and a
likely role in virulence has been suggested (Remy et al., 2013). In a
similar manner (i.e. based on gene order), the previously mentioned
adjacently orientated opp homologs, RU53_981-985 and RU53_986-990,
are likely ST772-MRSA-V equivalents to the S. aureus NCTC 8325 opp-3
and opp-4 operons, respectively (Hiron et al., 2007). However, whereas
Opp-3 has been characterised as a peptide uptake system (Hiron et al.,
2007), the exact function of Opp-4 in S. aureus remains to be elucidated
and thus warrants further wet-lab investigation. Additionally, a partial
opp homolog, RU53_1384-1387, was also identified and is a likely
ST772-MRSA-V representative of opp-2 of S. aureus NCTC 8325, again
identified by Hiron et al. (2007). RU53_1384-1387 is encoded on the
reverse strand in the order (5′ -3′ ) oppBCDF and in contrast to the three
complete copy opp homologs, the oppA gene, encoding the substrate
binding domain, is notably absent from the RU53_1384-1387 operon.
The opp-2 operon identified by Hiron et al. (2007) in S. aureus NCTC
8325 also lacks an oppA component and further research into this un
orthodox transporter revealed that, similar to Opp-1, it functions as a
nickel import system (annotation changed from oppBCDF to nikBCDF),
with the substrate binding component (nikA) encoded by a gene inde
pendent of the nikBCDF cluster (Hiron et al., 2010). Hence, it is likely
that RU53_1384-1387 (as nikBCDF) of ST772-MRSA-V, coupled with an
unidentified nikA component, also functions as a nickel importer and
does not function directly in oligopeptide uptake, diminishing its po
tential as a source of compatible solutes and thus, osmoprotection.
Nevertheless, such nickel import systems have been previously associ
ated with increased S. aureus virulence, particularly with respect to
urinary tract infections (UTI) (Hiron et al., 2010) and so, in-and-of-itself,
presents an important finding in ST772-MRSA-V. A second partial opp
homolog, RU53_182-184, was also identified in ST772-MRSA-V and,
interestingly, appears to lack the oppA and oppF components, with only
homologs to oppBCD being identified. The genetic organisation of this
putative transporter is unusual; with the oppD homolog (RU53_182)
being encoded on the reverse strand and the oppBC (RU53_183-184)
homologs encoded on the forward strand. Evidently, this form of genetic
organisation does not fit the canonical operon definition as was origi
nally described by Jacob and Monod (1961), however, a recent study by
Sáenz-Lahoya et al. (2019) shows that somewhat analogous operon
variants, termed ‘noncontiguous operons’, do exist in S. aureus, at least
in the context of Vitamin-K2 synthesis. Thus, our findings suggest that a
similar paradigm may also exist in the context of ST772-MRSA-V
osmotolerance. Furthermore, although many Opp variants have been
described in Staphylococci (Yu et al., 2014), to the best of our knowledge,
no such variant encompassing only the OppBCD components has yet
been characterised, and RU53_182-184 may present a hitherto uniden
tified Opp transporter of the Staphylococcus genus. Interestingly, further
examination of the ST772-MRSA-V genome revealed a gene, RU53_185
(annotated as rlp), immediately downstream of this partial opp homolog
with the description ‘dipeptide periplasmic binding protein’, which may
alternatively indicate that RU53_182-184 encodes the membrane com
ponents of a transporter that functions in dipeptide uptake, as opposed
to a novel Opp transporter functioning in oligopeptide uptake; an
observation that certainly warrants further wet-lab investigation. In

addition, we also identified RU53_789 – a homolog to the dtpT gene of
B. subtilis. DtpT transporters are members of the POT (Proton-dependent
Oligopeptide Transporter) family of transporters and facilitate the up
take of di- and tripeptides which too can be enzymatically hydrolysed to
release proline as a compatible solute (Zaprasis et al., 2013). Indeed, the
function of DtpT as an osmoprotective transporter is likely conserved
across a wide array of microorganisms as Wouters et al. (2005)
demonstrated that a Listeria monocytogenes ΔdtpT mutant strain showed
reduced osmoprotection when cultured in 3% NaCl, in the presence of
proline containing peptides. Thus, it is plausible to hypothesise that
RU53_789 may also function to confer some level of osmotic stress
protection to ST772-MRSA-V via peptide hydrolysis. B. subtilis can also
acquire osmoprotective levels of proline through the import of specific
amino acids such as glutamate (Hoffmann and Bremer, 2016). Gluta
mate uptake in B. subtilis is mediated by the Na+ dependent GltT
transporter and one homolog, RU53_2444, was identified in ST772MRSA-V with a percentage identity of 53.96% at the protein level. In
E.coli, the Na+ dependent GltS transporter is involved in glutamate up
take (Szvetnik et al., 2007) and a homolog, RU53_2404, was also found
in ST772-MRSA-V. Hence, it is likely that ST772-MRSA-V possess two
distinct transporters capable of glutamate uptake. Although S. aureus
preferentially utilise arginine as a substrate for proline biosynthesis
(Townsend et al., 1996) (as opposed to glutamate-mediated proline
synthesis in B. subtilis (Hoffmann and Bremer, 2016)), the presence of
two glutamate transporters in S. aureus may be important for osmo
protection with respect to the primary response i.e. by serving as a K+
counterion. Indeed, the characteristics of these two transporters have
been experimentally defined in S. aureus and GltS has been shown to be
the main glutamate transporter in this microorganism (Zeden et al.,
2019).
3.3. Sodium export
Sodium extrusion also plays a vital role in protection of cell viability
in conditions of osmotic up-shock (Krämer, 2010; Rubiano-Labrador
et al., 2015). As mentioned previously, the B. subtilis OpuD, OpuE and
PutP transporters import their respective compatible solutes in tandem
with Na+ ions (Hoffmann and Bremer, 2016; Moses et al., 2012). The
cytotoxicity of these ions necessitates the need for multiple membrane
bound Na+ extrusion systems (Hoffmann and Bremer, 2016). B. subtilis
utilises four such systems to maintain compatible Na+ concentrations
during osmotic up-shock: Mrp, NhaC, NhaK and NatAB (Hoffmann and
Bremer, 2016). Homology analysis revealed that ST772-MRSA-V is more
than adequately equipped to deal with rising intracellular Na+ and
significant percentage identities were found to the Mrp, NhaC and NhaK
sodium efflux transporters (Table 5). Two homologs to the mrp operon,
RU53_941-947 (annotated as mnhA-mnhG) and RU53_684-690 (anno
tated as mnhA_1-mnhG_1), were identified at distinct locations on the
ST772-MRSA-V chromosome, and both displayed significant sequence
identities to mrp of B. subtilis (RU53_941-947 and RU53_684-690 dis
played percentage identities at the protein level ranging from 40.21% −
53.30% and 32.91% − 46.81%, respectively). Interestingly, the latter
copy of the transporter (RU53_684-690) did not show any significant
percentage identity with respect to the mrpF component, however, upon
adjusting the BLAST parameters (i.e. using BLOSUM90 as a scoring
matrix instead of BLOSUM62), a possible mrpF component (RU53_689)
was identified. Given that such multipass Na+/H+ antiporters are typi
cally composed of seven transmembrane components in S. aureus (as
opposed to six) (Vaish et al., 2018), RU53_689 likely does belong to the
mrp gene cluster. Indeed, a trawl of the literature reveals that these two
Mrp antiporters do not represent a novel finding in S. aureus and are well
described under the alias of Mnh antiporters, of which two are known:
Mnh1 and Mnh2 (Ito et al., 2017). Given its proximity to the integraserecombinase gene RU53_683 (which is located immediately upstream of
RU53_684) (Vaish et al., 2018), RU53_684-690 is a likely ST772-MRSAV representative of mnh2, which suggests that mnh1 is likely represented
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Table 5
Overview of the sodium extrusion systems identified as playing a role in ST772-MRSA-V osmotolerance by homology transfer, using query genes from B. subtilis 168
(searches performed May 5th, 2020).
Query
gene

Subject gene†

Identity

E-value

NCBI Annotation

Nucleotide
position

mrpA

RU53_947
(mnhA)
RU53_946
(mnhB)

53.30%

0.0

44.76%

1e-13

967437969842
967016967444

mrpC

RU53_945
(mnhC)

53.10%

3e-33

mrpD

RU53_944
(mnhD)

50.68%

6e-134

mrpE

RU53_943
(mnhE)

43.04%

3e-42

mrpF

RU53_942
(mnhF)

51.90%

1e-17

mrpG

RU53_941
(mnhG)

40.21%

1e-24

mrpA

40.66%

2e-180

43.07%

1e-13

34.82%

4e-23

38.08%

4e-80

32.91%

5e-20

33.73%

2e-04

46.81%

3e-25

30.97%

2e-55

nhaK

RU53_684
(mnh_A1)
RU53_685
(mnhB_1)
RU53_686
(mnhC_1)
RU53_687
(mnhD_1)
RU53_688
(mnhE_1)
RU53_689
(mnhF_1)
RU53_690
(mnhG_1)
RU53_2358
(nhaC)
RU53_691

Monovalent cation antiporter3 subunit A, MnhA
CPA3 family monovalent
cation:proton (H+) antiporter3 subunit B
CPA3 family monovalent
cation:proton (H+) antiporter3 subunit C
CPA3 family monovalent
cation:proton (H+) antiporter3 subunit D
CPA3 family monovalent
cation:proton (H+) antiporter3 subunit E
CPA3 family monovalent
cation:proton (H+) antiporter3 subunit F
CPA3 family monovalent
cation:proton (H+) antiporter3 subunit G
Monovalent cation/H+
antiporter subunit A, MnhA1
Monovalent cation antiporter3, MnhB1
Monovalent cation antiporter3, MnhC1
Monovalent cation antiporter3, MnhD1
Monovalent cation antiporter3, MnhE1
Monovalent cation antiporter3, MnhF1
Monovalent cation antiporter3, MnhG1
Putative Na+/H+ antiporter

31.88%

3e-83

nhaK

RU53_2503

30.62%

4e-76

mrpB

mrpB
mrpC
mrpD
mrpE
mrpF
mrpG
nhaC

Sodium/hydrogen exchanger
family protein
Sodium/hydrogen exchanger
family protein

Previously characterised in S. aureus

966675967016
965186966682
964705965184

Identified by Hiramatsu et al. (1998) under the alias of mnh1.
Characterised by Swartz et al. (2007). Function in halotolerance and
virulence experimentally defined by Vaish et al. (2018)

964412964705
964078964434
713118715520
715507715932
715929716273
716263717759
717760718242
718239718541
718516718953
23993222400719
719293721335
25490382551116

Identified by Hiramatsu et al. (1998) under the alias of mnh2.
Characterised by Swartz et al. (2007). Function in osmotolerance
experimentally determined by Vaish et al. (2018)

Characterised by (Vaish et al. (2019)
Possibly synonymous with NhaC2 and NhaC3 characterised by Vaish
et al. (2019)

†Where applicable, the gene names in brackets, beneath the RU53_ designation, are those assigned in the NCBI database.

by RU53_941-947. Further research into Mnh1 and Mnh2 has revealed
critical roles in S. aureus halotolerance and osmotolerance, respectively.
Indeed, Mnh2 might well be a potential target to consider in the context
of controlling packaged-food poisoning caused by S. aureus (Vaish et al.,
2018).
ST772-MRSA-V also appears to contain one copy of the single
component NhaC Na+/H+ antiporter (RU53_2358) in addition to two
copies of the NhaK Na+/H+ antiporter (RU53_2503 & RU53_691), that
may be synonymous with the S. aureus NhaC1, NhaC2 and NhaC3
antiporters described by Vaish et al. (2019). The nhaK gene coding for
the latter of the two NhaK antiporters (RU53_691) is located immedi
ately downstream of the second of the two aforementioned mrp/mnh
operons (RU53_684-690), indicating that this antiporter may be part of a
generalised Na+ extrusion regulon in conjunction with mrp/mnh. Similar
gene arrangements were noted in both the S. aureus Newman and
S. epidermidis ATCC 12228 genomes, implying that the regulation of
these two Na+ extrusion systems is conserved across staphylococcal
strains. In contrast, the presence of duplicate NhaK antiporters in ST772MRSA-V might be suggestive of pathogenic potential, given that while
duplication was also observed in S. aureus Newman, only one homolog
was identified in S. epidermidis ATCC 12228. Indeed, the entire ST772MRSA-V and S. aureus Newman osmotic stress response appears strik
ingly similar, at least at the genomic level, and thus supports the
assertion by Chaibenjawong and Foster (2011), that methicillinresistance has no significant impact on osmotolerance in S. aureus.

There were no significant homologies in ST772-MRSA-V to the two
component NatAB transporter of B. subtilis which functions in Na+ efflux
at alkaline pH (Hoffmann and Bremer, 2016). This is not altogether
surprising, given that the ecological niche for S. aureus is the human skin
which maintains an average pH of below 5 (Lambers et al., 2006).
However, in circumstances where the local pH does rise, Vaish et al.
(2019) report that many of the aforementioned transporters such as
Mnh2 (Mrp) and NhaC, along with other cation/proton antiporters (i.e.
CPA1-1 and CPA1-2) retain the capacity to function efficiently, thus
providing S. aureus with a means of Na+ extrusion in alkaline conditions
- such as may be encountered on foods or other surfaces.
3.4. Hypoosmotic stress response
In hypoosmolar conditions, compatible solutes themselves become
detrimental to the bacterial cell by contributing to intracellular osmotic
potential (Hoffmann et al., 2008). Mechanosensitive channels are
membrane bound channels that open in response to increased turgor
pressure and rapidly facilitate the efflux of osmolytes from the intra
cellular space (Kung et al., 2010). Mechanosensitive channels of large
conductance (MscL) are so called because they require the highest turgor
pressure to open, and also possess the largest pore diameter of 30 Å
(Kouwen et al., 2009). Mechanosensitive channels of small conductance
(MscS), in contrast, achieve a maximum pore diameter of approximately
6 Å when fully opened (Hoffmann and Bremer, 2016). B. subtilis possess
8

D. Casey and R.D. Sleator

Gene xxx (xxxx) xxx

one MscL type transporter and three MscS type transporters: YhdY
(MscY), YfkC (MscC) and YkuT (MscT) (Hoffmann et al., 2008). Analysis
of ST772-MRSA-V revealed one likely mscL homolog, RU53_1352, and
one mscS, RU53_337, homologous to both ykuT/mscT (34.30%) and
yfkC/mscC (35.50%) (Table 6). Interestingly, RU53_1352 (mscL homo
log) is located immediately upstream of the aforementioned opuD ho
molog, RU53_1353, possibly suggesting that mscL is regulated in tandem
with opuD to prepare for a return to isosmotic conditions after a period
of sustained hyperosmotic shock - a scenario that would physiologically
manifest as osmotic down-shock for the bacterium. Indeed, a similar
consensus has been put forward by Hoffmann and Bremer (2016) to
explain the increased transcription of B. subtilis mscL in hyperosmotic
conditions. Further analysis, using E. coli as a query strain, revealed no
additional mechanosensitive channels, and the same two loci
(RU53_1352 and RU53_337) were identified when mscL and mscC (the
E. coli mscS equivalent) were searched against the ST772-MRSA-V
genome. The relatively low abundance of mechanosensitive channels
in ST772-MRSA-V might be due to the fact that hypoosmotic shock oc
curs relatively infrequently in an environmental niche such as the
human skin. Whereas heavy rainfall frequently causes hypoosmolar
environments for soil dwelling bacteria like B. subtilis (Hoffmann et al.,
2008), perspiration is known to cause considerable fluctuations in the
osmolarity of the human skin (Otto, 2010). However, perspiration itself
is unlikely to result in significant hypoosmotic stress for S. aureus as, in
general, Na+ concentrations of 15–99 mmol/L are expected (Bates and
Miller, 2008; Godek et al., 2010). Nevertheless, the importance of
mechanosensitive channels in S. aureus cannot be understated and MscL
channels in this pathogen, such as that identified in ST772-MRSA-V
(RU53_1352), have to date been well characterised, down to the struc
tural level (Dorwart et al., 2015). Furthermore, although the physio
logical function of mechanosensitive channels in organisms such as
S. aureus is to protect the cell from osmotic down-shock, by allowing
intracellular osmolytes to exit the cell, it has also been suggested that
these channels may be exploited to provide specific antimicrobial
compounds with a means to enter the cell. For example, sublancin 168 (a
lantibiotic produced by B. subtilis 168 that exhibits bactericidal activity
against many Gram-positive bacteria, including S. aureus) can enter
bacterial cells freely through MscL channels (Kouwen et al., 2009).
Therefore, the putative MscL channel (RU53_1352) in ST772-MRSA-V
may be a useful target to consider for the containment of this pathogen.

enzyme (Kazmierczak et al., 2005). In many Gram-positive organisms
such as B. subtilis, L. monocytogenes, Bacillus cereus and S. aureus, the
alternative stress responsive sigma factor, σB (or SigB), plays a key role
in fine-tuning gene expression in response to external environmental
insult (Guldimann et al., 2016; Hecker et al., 2007). In B. subtilis, over
150 σB regulated genes have been identified, providing resistance to
osmotic challenges, as well as a range of other stresses such as heat, acid,
antibiotics, and nitric oxide (Guldimann et al., 2016). Although S. aureus
lacks many of the specific components of the B. subtilis σB gene complex,
such as RsbRA, RsbS, RsbT, and RsbX (Pané-Farré et al., 2009), PanéFarré et al. (2006) observed upregulation of S. aureus σB gene expression
in response to several external environmental stresses, including 10%
(w/v) NaCl imposed osmotic up-shock. Therefore, we can assume that
S. aureus osmotolerance must be regulated, at least in part, by σB. In line
with this, we identified consensus σB promoter recognition sequences
upstream of several of the putative osmotolerance loci in ST772-MRSAV. As outlined in Table 7, potential − 10 and − 35 σB promoter sequences
were identified upstream of three putative osmotolerance loci in ST772MRSA-V, namely: RU53_784 (opuBA homolog), RU53_2253 (opuD/betT
homolog) and RU53_561 (proP homolog). Thus, while previous wet-lab
experimentation has shown σB dependent upregulation of opuD (Bischoff
et al., 2004) and downregulation of putP (Schwan et al., 2006) in
S. aureus, we suggest that the proP and opuB homologs may also form
part of this regulon. Indeed, in support of this, σB mediated transcrip
tional regulation has previously been reported as part of the osmotic
stress response in L. monocytogenes (Cetin et al., 2004; Sleator et al.,
2003) and B. subtilis (Hecker and Völker, 2001).
In addition to transcriptional regulation, several factors including
codon usage, choice of initiation codon, gene function and mRNA halflife, influence the rate of translational yield in prokaryotes (Feeney and
Sleator, 2011; Picard et al., 2012). In B. subtilis, ATG is the predominant
initiation codon, used in 78% of coding sequences (CDS), however, the
alternative start codons, TTG and GTG, are also utilised in 13% and 9%
of CDS, respectively (Panicker et al., 2015). The effect of alternative
initiation codons on translational yield is evident in B. subtilis, as genes
that start with GTG, as opposed to ATG, have a three to five-fold reduced
translational efficiency (Panicker et al., 2015). Interestingly, four of the
identified putative osmotolerance loci in ST772-MRSA-V appear to have
alternative initiation codons, namely; RU53_784 (opuBA homolog) and
RU53_947 (mrpA homolog) which both start with GTG, along with
RU53_2677 (opuD/betT homolog) and RU53_691 (nhaK homolog) which
start with TTG. Therefore, we suggest that at least part of the ST772MRSA-V osmotolerance response is tuned at the level of translation.
Additionally, there is significant evidence to suggest that posttranslational modification also plays a role in regulating ST772-MRSAV osmotolerance. Indeed, Nau-Wagner et al. (2012) observed that
binding of choline to the GbsR repressor molecule in B.subtilis, induces a
conformational change in GbsR, whereby the spatial orientation of the
N-terminal DNA-binding domain is altered relative to the C-terminal
dimerization domain. This relieves both gbsAB and opuB of the repres
sive effects of the GbsR molecule, thus leading to increased expression of
these osmotolerance genes (Nau-Wagner et al., 2012). The presence of a
GbsR homolog (RU53_2675) in ST772-MRSA-V indicates that such
conformational changes may also occur in S. aureus, with choline-

3.5. Regulation
In addition to the identified osmotic stress response genes, putative
transcriptional, translational, and post translational regulatory mecha
nisms, involved in co-ordinating the osmotic stress response, were
identified in the ST772-MRSA-V genome.
In order to regulate gene expression, bacteria utilise sigma factors (σ)
which combine with the catalytic core of RNA polymerase to form a
functional holoenzyme (Feklístov et al., 2014; Paget, 2015). Sigma
factors are essential for RNA polymerase functionality and perform a
dual function in transcription initiation: directing RNA polymerase to
the promoter regions of the DNA template, and contributing to DNA
strand separation - after which they dissociate from the RNA polymerase

Table 6
Overview of the hypoosmotic stress response loci identified as playing a role in ST772-MRSA-V osmotolerance by homology transfer, using query genes from B. subtilis
168 (searches performed May 3rd, 2020).
Query
gene

Subject gene†

Identity

E-value

NCBI Annotation

Nucleotide
position

Previously characterised in S. aureus

mscC

RU53_337

35.50%

7e-16

389402-390283

Not well characterised

mscL

RU53_1352
(mscL)

46.40%

1e-15

MscS family small conductance mechanosensitive ion
channel protein
Large-conductance mechanosensitive channel

14004761400838

Structurally characterised by Dorwart
et al. (2015)

†Where applicable, the gene names in brackets, beneath the RU53_ designation, are those assigned in the NCBI database.
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Table 7
Identification of putative σβ regulated genes in ST772-MRSA-V. The consensus sequences of σβ dependent promoters are − 10: GGGTAT and − 35: GTTTAT, which are
separated by 13–15 nucleotides in B. subtilis. Underlined letters highlight nucleotides which are deemed essential for promoter functionality. Adapted from Gertz et al.
(2000).
Gene

Putative − 35 σβ promoter
sequence

Distance (nt) from − 35 promoter to − 10
promoter

Putative − 10 σβ promoter
sequence

Distance (nt) from − 10 promoter to start
codon

opuBA
(RU53_784)
opuD
(RU53_2253)
proP (RU53_561)

GTGTTT

12

GGTAAA

162

GATTAA

14

GGGTAT

33

GTTTAA

13

GGGTAT

145

induced post-translational modification of RU53_2675, leading to sub
sequent transcriptional upregulation of the putative opuB and gbsAbetA
homologs, being a possibility.
The second messenger cyclic-di-AMP (c-di-AMP) has also been
shown to play an important role in both the transcriptional and the posttranslational regulation of bacterial osmotolerance (Devaux et al., 2018;
Zhu et al., 2016). In B. subtilis, for example, c-di-AMP has been shown to
respond to increasing extracellular K+ concentrations by negatively
regulating the expression of the potassium import systems, kimA and
ktrAB, via a c-di-AMP binding riboswitch (Gundlach et al., 2017b).
Furthermore, Huynh et al. (2016) observed that by binding to the cys
tathionine beta-synthase domain of OpuCA, c-di-AMP inhibits OpuC
functionality in L. monocytogenes. In S. aureus, c-di-AMP has also been
identified as an essential regulatory component of the osmotic stress
response with KdpD, KtrASA (KtrC) and more recently, OpuCA, being
identified as bona fide receptors for the molecule (Corrigan et al., 2013;
Schuster et al., 2016). The dacA gene of S. aureus, which encodes the
membrane-orientated DacA enzyme that synthesises c-di-AMP, is
located in a highly conserved operon along with ybbR and glmM, which
code for the YbbR (DacA regulator) and GlmM (phosphoglucosamine
mutase) components, respectively (Tosi et al., 2019). In vivo, these three
components are believed to form a complex that fine-tunes c-di-AMP
production, and it has been shown that GlmM acts as a DacA inhibitor in
vitro, while also catalysing reactions involved in peptidoglycan synthesis
in unison with GlmS (glucosamine-fructose-6-P aminotransferase) and
GlmU (N-acetylglucosamine-1-phosphate uridyltransferase) (Tosi et al.,
2019). GdpP is another component of this regulatory system in S. aureus
and represents a phosphodiesterase enzyme that acts to hydrolyse c-diAMP with a view to maintaining homeostatic control of this potent
second messenger (Corrigan et al., 2011). Indeed, recent experimental
work on this component reveals a critical role in antibiotic resistance as
S. aureus strains that harbour truncated versions of GdpP display
increased resistance to β-lactams such as methicillin (Ba et al., 2019).
Hence, it is evident that the regulatory functions of c-di-AMP in S. aureus
are far reaching and mediate parts of both the osmotic and antibiotic
stress response. The likely components of the c-di-AMP regulatory
module in ST772-MRSA-V are: RU53_2223 encoding a putative DacA

protein, RU53_2222 encoding a putative YbbR component, RU53_2221
encoding a putative GlmM phosphoglucosamine mutase, RU53_16
encoding a putative GdpP-type phosphodiesterase, and RU53_2214 and
RU53_470 encoding the putative GlmS and GlmU enzymes, respectively
(Table 8).
3.6. Functional analysis
While, as we have seen, a considerable amount of information can be
gleaned solely from a bioinformatic analysis of the S. aureus genome,
these in silico data ultimately represent a static blueprint, or instruction
manual, which does not always provide a true representation of the
organism in vivo. Additional methods are required to evaluate the
functional roles, if any, of the identified genetic systems. Tran
scriptomics, for example, allows us to show which genes are activated,
and to what extent; providing both a qualitative and quantitative
snapshot of gene expression in the cell in response to various environ
mental insult (Wang et al., 2009). With respect to osmotic stress spe
cifically, Price-Whelan et al. (2013) employed a transcriptomics-based
approach to clarify the physiological roles of the potassium uptake
systems Kdp and Ktr of S. aureus USA300. In this study, RNA transcript
levels of genes encoding each of these two potassium uptake systems
were quantitated in the presence and absence of a 2 M NaCl imposed
osmotic stress. More specifically, the kdp locus was shown to be the more
responsive to 2 M NaCl, with 35.1–102.4-fold increases observed across
the range of kdp genes (consistent with the fact that Ktr transporters are
constitutively expressed independent of osmotic shock) (Price-Whelan
et al., 2013). This study also confirmed that KdpDE activates kdp gene
expression in S. aureus, as under these conditions kdpD and kdpE were
upregulated 21.4- and 8.7-fold, respectively.
Similarly, Graf et al. (2019), using a proteomics-based approach,
observed significant fold-differences in many S. aureus HG001 osmo
tolerance systems, dependent on the mode of growth of the bacterial
cultures i.e. biofilm versus planktonic cells. Biofilm cells, which, given
the high concentrations of extracellular polymer molecules (e.g. envi
ronmental DNA (eDNA), proteins, and metabolites) (Graf et al., 2019;
Yan et al., 2017) are typically subject to high osmotic pressures, were

Table 8
Overview of the principal c-di-AMP regulatory modules, identified by homology transfer, using query genes from B. subtilis 168 (searches performed May 20th, 2020).
Query
gene

Subject gene†

Identity

E-value

NCBI Annotation

Nucleotide
position

cdaA
(dacA)
cdaR
(ybbR)
glmM

RU53_2223
(disA)
RU53_2222

56.42%

1e-102

Checkpoint controller nucleotide-binding protein

28.62%

7e-28

YbbR-like protein

RU53_2221
(glmM)
RU53_16

67.11%

0.0

Putative phosphoglucosamine mutase

51.60%

0.0

RU53_2214
(glmS)
RU53_470
(gcaD)

69.38%

0.0

55.46%

0.0

Putative bifunctional signaling protein/50S
ribosomal protein L9
Glucosamine–fructose-6-phosphate
aminotransferase (RU53_2214)
Putative UDP-N-acetylglucosamine
pyrophosphorylase

22801132280922
22791792280111
22777972279152
18328-20295

gdpP
glmS
glmU

22620122263817
518180-519532

†Where applicable, the gene names in brackets, beneath the RU53_ designation, are those assigned in the NCBI database.
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shown to exhibit a relatively higher abundance of osmotolerance pro
teins than their planktonic counterparts. The KdpD and KdpE regulatory
proteins increased 4.33-fold and 2.07-fold, respectively, whereas the
OpuBA and OpuBB components of the secondary response, both showed
a 2.13-fold increase (Graf et al., 2019). Furthermore, the OpuD (1.57fold) and OpuC (1.33–3.17-fold) osmolyte import systems, as well as the
BetA (2.79-fold) and BetB (GbsA) (1.89-fold) choline-converting en
zymes, were also observed to be present at higher concentrations in
biofilm cells (Graf et al., 2019). Cumulatively, these results signify, at
the phenotypic level, how S. aureus can adjust its osmotic stress response
to facilitate biofilm colonisation – a factor which is paramount to the
establishment of chronic staphylococcal infections, such as osteomye
litis and endocarditis (Lister and Horswill, 2014).
In addition, Chaffin et al. (2012) observed alterations in the S. aureus
osmotolerance transcriptome during early adaptation to murine lung
tissue. In this murine pneumonia model, the choline transporter gene,
cudT (opuD), the glycine betaine transporter gene, opuD, and the oligo
peptide transporter operon, opp-1ABCDF, were all upregulated following
in vivo colonisation. Interestingly, however, both the opuC operon and
putP gene were downregulated in vivo, which may imply that S. aureus
preferentially utilises various osmoprotectant transport systems depen
dent on its’ ecological niche. Indeed, Chaves-Moreno et al. (2016) report
that S. aureus colonised within the human nasal cavity, highly express
the three components of the choline converting locus – betA, betB (gbsA)
and betT. This is in agreement with Poudel et al. (2020), who also report
increased expression of betAT and gbsA, in addition to kdpA, upon
colonisation in synthetic nasal medium (SNM3).
Thus, it is evident that many of the osmoregulatory systems,
described herein, are functionally active in S. aureus and contribute to
the maintenance of cell viability under conditions of osmotic stress.

Furthermore, in the context of pathogen containment, it may be
worthwhile to consider the development of targeted therapeutics which
inhibit the osmotolerance components highly expressed at various
stages of the S. aureus infectious lifecycle i.e. biofilm infection versus
respiratory infection versus nasal colonisation.
4. Conclusion & future prospects
Despite extensive research on the physiology and clinical impact of
S. aureus, a detailed genetic analysis of the pathogen’s osmotic stress
response repertoire has, until now, remained lacking. The current study
seeks to redress the balance, providing a comprehensive and compara
tive review of the S. aureus osmotic stress response.
As outlined in Fig. 1, we have identified 17 putative osmotic stress
response systems in ST772-MRSA-V and in an era where antibiotic
resistance is on the rise and novel treatments are desperately required
(Ghosh et al., 2019), these systems may represent an Achilles’ heel for
the pathogen (Sleator and Hill, 2002); providing us with a novel alter
native means of controlling MRSA. The KdpF peptide, for example, a
component of the Kdp potassium uptake system, has been shown to
increase the susceptibility of Mycobacterium bovis to nitrosative stress
(Rosas Olvera et al., 2017). Indeed, further study into the anti-virulent
properties of the KdpF peptide reveal that addition of exogenous syn
thetic KdpF to cultures of ΔkdpF mutant strains, confers equal levels of
susceptibility to nitrosative stress to that which is seen when the peptide
is endogenously overproduced in wild-type strains (Rosas Olvera et al.,
2017). Thus, the utilisation of KdpF as an anti-virulent molecule against
organisms which do not normally produce it, such as ST772-MRSA-V,
could represent the basis for a novel antimicrobial treatment (Rosas
Olvera et al., 2017). Furthermore, the presence of a putative MscL

Fig. 1. Schematic representation of the cellular components identified as playing a role in ST772-MRSA-V osmotolerance. Components positively/negatively
regulated by σβ are indicated by grey dotted lines arising from the σβ molecule. Those regulated by c-di-AMP are indicated by black stars. Abbreviations: ADP,
adenosine diphosphate; ATP, adenosine triphosphate; B, glycine betaine; C, carnitine; Ch, choline; Co2+, cobalt; E, ectoine; Glu, glutamate; H+, hydrogen; K+,
potassium; Na+, sodium; Ni2+, nickel; P, proline; Pi, phosphate.
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transporter in ST772-MRSA-V represents a likely portal of entry for the
lantibiotic, sublancin 168 (Kouwen et al., 2009). Research into large
scale production of sublancin 168 has recently begun (Ji et al., 2015)
and it is possible that the lantibiotic may be used on a wider scale to treat
infections caused by multi-drug resistant, MscL-containing organisms
such as ST772-MRSA-V. Finally, the array of osmolyte transporters in
ST772-MRSA-V, described herein, provides us with ample potential
targets for ‘smugglin technology’ (Sleator and Hill, 2002). The smugglin
concept, originally coined by Matthews and Payne (1975), is used to
describe the exploitation of peptide transport systems for the delivery of,
otherwise impermeable, toxic compounds (smugglins) into the cell
(Payne, 1986). Although smugglins differ in the transport systems that
they exploit, those that utilise the Opp transporter in Gram-positive
bacteria, for example, have been identified and include alafosfalin,
glycine tripeptide-sulfanilic acid and Gly-Gly-histidinol-P (Silver, 2008).
Coupling this with the identification of several Opp transporters in
ST772-MRSA-V, and in particular the experimentally defined oligo
peptide transporter - Opp-3, it is likely that smugglin technology could
prove efficacious in diminishing the threat posed by this globallyemerging, recalcitrant pathogen.
In summary then, while the entire staphylococcal osmotic stress
response remains to be fully elucidated at the functional level, it is hoped
that the current in silico analysis provides a useful blueprint to further
this aim.
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Sakr, A., Brégeon, F., Mège, J.L., Rolain, J.M., Blin, O., 2018. Staphylococcus aureus
nasal colonization: An update on mechanisms, epidemiology, risk factors, and
subsequent infections. Front. Microbiol. https://doi.org/10.3389/
fmicb.2018.02419.
Schuster, C.F., Bellows, L.E., Tosi, T., Campeotto, I., Corrigan, R.M., Freemont, P.,
Gründling, A., 2016. The second messenger c-di-AMP inhibits the osmolyte uptake
system OpuC in Staphylococcus aureus. Sci. Signal. 9, ra81. https://doi.org/
10.1126/scisignal.aaf7279.
Schwan, W.R., Coulter, S.N., Ng, E.Y.W., Langhorne, M.H., Ritchie, H.D., Brody, L.L.,
Westbrock-Wadman, S., Bayer, A.S., Folger, K.R., Stover, C.K., 1998. Identification
and characterization of the putp proline permease that contributes to in vivo survival
of Staphylococcus aureus in animal models. Infect. Immun. 66 (2), 567–572.
Schwan, W.R., Lehmann, L., McCormick, J., 2006. Transcriptional activation of the
Staphylococcus aureus putP gene by low-proline-high osmotic conditions and during
infection of murine and human tissues. IAI 74 (1), 399–409.
Schwan, W.R., Wetzel, K.J., 2016. Osmolyte transport in Staphylococcus aureus and the
role in pathogenesis. WJCID 6 (2), 22. https://doi.org/10.5495/wjcid.v6.i2.22.
Scybert, S., Pechous, R., Sitthisak, S., Nadakavukaren, M.J., Wilkinson, B.J., Jayaswal, R.
K., 2003. NaCl-sensitive mutant of Staphylococcus aureus has a Tn917- lacZ
insertion in its ars operon. FEMS Microbiol. Lett. 222, 171–176. https://doi.org/
10.1016/S0378-1097(03)00312-4.
Sheidy, D.T., Zielke, R.A., 2013. Analysis and Expansion of the Role of the Escherichia
coli Protein ProQ. PLoS One 8, e79656. https://doi.org/10.1371/journal.
pone.0079656.
Silver, L.L., 2008. Are natural products still the best source for antibacterial discovery?
the bacterial entry factor. Expert Opin. Drug Discov. 3 (5), 487–500.
Sleator, R.D., 2010. An overview of the processes shaping protein evolution. Sci. Prog. 93
(1), 1–6.
Sleator, R.D., Gahan, C.G.M., Hill, C., 2003. A postgenomic appraisal of osmotolerance in
listeria monocytogenes. AEM 69 (1), 1–9.
Sleator, R.D., Hill, C., 2002. Bacterial osmoadaptation: the role of osmolytes in bacterial
stress and virulence. FEMS Microbiol. Rev. 26, 49–71. https://doi.org/10.1016/
S0168-6445(01)00071-7.

14

